Abstract: Blends of isotactic polypropylene (iPP) and high density polyethylene (HDPE), with and without compatibilizers and with different organoclay amounts (1%, 3%, and 5%), were systematically investigated to assess the effect of the additives on the crystallinity of the blends, as well as the correlation between the microhardness, H and the Young's modulus E. The compatibilizers used were: maleic anhydride grafted styrene ethylene butadiene styrene (SEBS-g-MAH), maleic anhydride grafted polyethylene (PE-g-MAH), maleic anhydride grafted polypropylene (PP-g-MAH), ethylene propylene diene monomer (EPDM), and maleic anhydride grafted EPDM (EPDM-g-MAH). The thermal properties and crystallization behavior were determined by differential scanning calorimetry (DSC) and wide angle X-ray scattering (WAXS). Macro-and micromechanical properties were also investigated. The results obtained showed that the addition of clay slightly increases the crystallinity α WAXS of the blends. However, the hardness H decreases enormously only by adding 1 wt% of clay. With higher clay amounts, H increases again. The relationship between the Young's modulus E and the hardness H for all the studied blends was found to be somewhat higher than the one obtained for polyethylene (PE) samples with different morphologies.
Introduction
Polymer blending has been demonstrated to be effective in obtaining new materials with enhanced properties and better processability. In order to achieve improved final properties in polymer blends, it is necessary to control their phase morphology. Polypropylene (PP) and polyethylene (PE), despite their very similar chemical structures, are incompatible, which is the same for most polymers. Their mixtures exhibit very moderate and unpredictable mechanical properties, due to their influence on many parameters, such as morphology and crystallinity. To improve theses properties, physical or chemical compatibilizers, such as block (or graft) copolymers, or in-situ reactive compatibilizers, have been added to the blend [1] [2] [3] [4] [5] [6] [7] . These compatibilizers contribute to the reduction of interfacial tension, and facilitate the dispersion, stabilize the generated morphology against modification during the processing steps and, in addition, enhance the adhesion between the polymers phases.
In the last decade, there has been great interest in the preparation of polyolefins/clay nanocomposites, mainly based on PE [8] [9] [10] [11] [12] and PP [13] [14] [15] [16] . Due to the strong hydrophobic character of the polymers and the lack of favorable interactions with the silicate surfaces, PE or PP lead to phase separated systems when mixed with clay. For this reason, to prepare polyolefin/clay nanocomposites, the clay should be organically modified in order to increase its compatibility with polymers. This clay modification can be done in different ways. Also, the preparation of polymer/clay nanocomposites can follow various routes, i.e., in situ polymerization, solution and latex methods [17] [18] [19] , etc. However, melt compounding is the most popular method, because it is simple, economical, and environmentally friendly [19] .
There are many articles devoted to the preparation of clay/nanocomposites based on binary polyolefin blends. For instance, Dhibar et al. [20] observed that the co-continuous morphology in the asymmetric composition of PP/high density PE (HDPE) blend in the presence of clay is originated by the barrier effect of the clay platelets in the HDPE phase that restricts the phase inversion into the domain/matrix morphology.
However, the studies dealing with clay nanocomposites based on PP/PE blends, using different compatibilizers, are not very numerous. Among these, the work of Chiu and co-workers [21] , who reported that the tensile strength and the flexural modulus/strength of these blends increased only marginally with the presence of clay. Moreover, the addition of PE-maleic anhydride (MAH) or, especially PP-MAH, decreased the impact strength of the PP/HDPE/clay composite. The PE-MAH played a better compatibilizer role. The same researchers [22] have investigated the effects of adding organophilic montmorillonite (O-MMT) and/or ethylene propylene diene monomer (EPDM)-MAH on the phase morphology, and on the thermal and mechanical properties of the PP/HDPE blends. The addition of EPDM-MAH to the PP/HDPE/O-MMT blends decreased the tensile strength and flexural modulus/ strength. However, the impact strength notably increased.
By contrast, little work has been carried out until now on the study of nanocomposites of ternary blends with clay. Deka and Maji [23] studied the effect of modified montmorillonite and wood powder on the properties of the blend HDPE/PP/poly[vinyl chloride (PVC) (1:1:0.5)]. The same researchers [24] also studied the blend HDPE/ low density PE (LDPE)/PP/PVC with PE-co-glycidyl methacrylate (PE-co-GMA) as the compatibilizer and wood flour and nanoclay as fillers.
The mechanical properties of multicomponent systems in relation to their composition and phase have been studied in detail [25] . One of the simplest ways to characterize the micromechanical properties of a material is by the use of the indentation test [26] . This technique is very sensitive to the changes that take place in the morphology and microstructure of polymers and has been successfully applied to many different systems. Thus, in preceding investigations, we applied the microindentation hardness (H) test to the study of semicrystalline polymer blends, both unmodified and compatibilized [27, 28] . Other systems have been studied by employing this technique, i.e., block copolymers [29] , natural rubber blends [30] , ethylene/1-octene copolymers and their blends with HDPE [31] , new reversibly crosslinked isotactic PP (iPP)/LDPE blends [32] , and composite materials with carbon black [33] or clay [34] as fillers. Moreover, polymer blends of recycled poly(ethylene terephthalate) (PET) with polyolefins (iPP or HDPE) have been examined [35] , as well as iPP/clay and iPP/TiO 2 composites [36] . Finally, the microhardness technique has been also very useful to elucidate the microstructure of multilayered systems based on blends of crystalline and amorphous polymers [37] .
In the present investigation, a comparative study of the effect of organoclay (O-MMT) on the structure and the mechanical properties (microhardness and tensile modulus) of the PP/HDPE blends, both unmodified and compatibilized, was carried out. To this purpose, one apolar (EPDM) and four polar functional polymers, MAH grafted HDPE (HDPE-g-MAH), MAH grafted PP (PP-g-MAH), and MAH grafted EPDM (EPDM-g-MAH), which were prepared in our laboratory, and MAH grafted styrene ethylene butadiene styrene (SEBS-g-MAH), which is a commercial one, were used to compatibilize the nanocomposites iPP/HDPE/clay. The main reason for choosing several MAH-grafted compatibilizers is that they have demonstrated their good compatibilizing effects in polyolefin blends. In addition to this, they are relatively easy to prepare at normal melt processing temperatures, without undergoing homopolymerization [38] .
Experimental

Materials
HDPE LANUFENE HDI-6507 UV was supplied by Ras Lanuf Oil and Gas Processing Co., Tripoli, Lybia (density = 0.95 g/cm PP-g-MAH, PE-g-MAH and EPDM-g-MAH were prepared by using dicumyl peroxide (DCP) and MAH [supplied by Bayer (M) Ltd., Cologne, Germany]. The preparation methods are described below.
The organophilic clay was prepared in our laboratory by using bentonite (a montmorillonite-type silicate) which was supplied by Bental (Algiers, Algeria); the preparation method is described.
Sample preparation
Melt grafting
Preparation of EPDM-g-MAH
EPDM-g-MAH was prepared by peroxide-initiated melt grafting of MAH onto the EPDM, using a Brabender internal mixer at 180°C and 30 rpm for 5 min. The composition of the reaction recipe was typically as follows: 35 g of EPDM, 2 wt% of MAH, and 0.02 wt% of DCP. All of the reactants (EPDM, MAH, and DCP) were dry mixed together before their fast introduction into the preheated mixing chamber. Thereafter, the material was cut in to small pieces.
Preparation of PP-g-MAH
DCP (0.1 wt%) and 0.4 wt% of MAH were dissolved in 15 ml of acetone. PP (100 g) was added to the solution and the mixture was stirred for 1 h for better impregnation. After filtering the solution, the solid was dried at 60°C for 24 h. The resulting mixture was extruded in a single extruder. The temperature profile of the extruder was 150°C, 180°C, 190°C and the rotation speed of the screws was 40 rpm. After that, the product was ground.
Preparation of HDPE-g-MAH
DCP (0.2 wt%) and 0.5 wt% MAH were dissolved in 15 ml of acetone. HDPE (100 g) was added to the solution and the mixture was stirred for 1 h for better impregnation. After filtering the solution, the solid was dried during 24 h at 60°C. The mixture was then extruded in single extruder. The temperature profile of the extruder was 130°C, 140°C, 140°C and the rotation speed of the screws was 40 rpm. Finally, the product was ground.
Organophilic clay preparation
The raw bentonite was first crushed and then filtered to eliminate impurities. Then, 30 g were dispersed in 1 l of a sodium chloride (NaCl) solution (1N), and the mixture was stirred for 24 h; this operation was repeated four times. The suspension obtained was washed with distilled water several times, until the chloride ions completely disappeared. Then, the suspension was left for 48 h to be decanted. After sedimentation, the suspension was centrifuged, dried, and the solid was finally crushed. The obtained powder (5 g) was spread in a hot solution (80°C) containing 2.3 g of octadecylamine (C 18 H 39 N), and the mixture was stirred for 3 h. To eliminate the organic cations, the suspension obtained was washed several times with a water/ethanol 50/50 mixture at 60°C. The organophilic montmorillonite thus obtained was dried for 36 h before it was crushed and stored.
Preparation of PP/HDPE/compatibilizer/ organoclay blends
The above mentioned blends were compounded in a Brabender internal mixer PLASTI-CORDER at 200°C and 30 rpm for 10 min. The composition of PP and HDPE used for all the blends is 80/20, and is denoted as B. The proportion of the compatibilizer was always 15 wt%, whereas the content of the clay in the blends was set to 1 wt%, 3 wt%, and 5 wt%, respectively.
From the preceding blends, films for characterization were prepared by compression molding in a Zwick machine model 7102 (Ulm, Germany), working at a pressure of 150 kg/cm 2 . The compression was performed at 210°C during 6 min (4 min for preheating and 2 min for compression). Then, the mold was quickly transferred to a thermostatic bath maintained at 25°C.
All of the blends included in this study are listed in Table 1 , with the abbreviations used through the text to identify them. M1, M3 and M5 indicate 1%, 3%, and 5% of organophilic clay (montmorillonite), respectively.
Techniques
All samples, as well as their blends, were characterized by using the following techniques: Wide-angle X-ray scattering 
EPDM, ethylene propylene diene monomer; HDPE, high density polyethylene; iPP, isotactic polypropylene; MAH, maleic anhydride; SEBS, styrene ethylene butadiene styrene.
(WAXS), differential scanning calorimetry (DSC), and measurement of the macro-and micromechanical properties, i.e., Young's modulus E, and microhardness H, respectively. For the WAXS experiments, a Seifert (Ahrensburg, Germany) diffractometer (reflection mode) was used. The following conditions were employed: 40 kV; 35 mA; angular range: 5°-35° (2θ); scan rate: 0.05°/s. The degree of crystallinity α WAXS of all samples was derived from the ratio of the area corresponding to the crystalline peaks to the total area of the diffractogram.
The thermal analysis was performed in a PerkinElmer differential scanning calorimeter DSC-7 (Norwalk, CT, USA), working in an inert N 2 atmosphere. The temperature range studied was 40-200°C, and the heating rate 10°C/min. The sample weight was about 1 mg. Pure indium was used to calibrate the instrument. The crystallinity of every component, HDPE and iPP, measured by calori metry, α DSC , was derived from the enthalpy corresponding to each melting peak using the expression: / . [39] . We calculated the total crystallinity of every sample by adding the contribution of both HDPE and iPP components.
The Young's modulus E of every material was obtained from the tensile experiments (stress-strain measurements) performed in a Zwick/Roell (D89079ULM) apparatus, according to the ASTM D-638 norm. Crosshead speed: 20 mm/min.
The microhardness H was measured at room temperature using a Leica VMHT Mot 320 DFC tester, adapted with a square-based diamond indenter. The H value was derived from the residual projected area of indentation according to the formula [26] :
where d is the length of the impression diagonal in meters, P is the contact load applied in N, and k is a geometrical factor equal to 1.854. Loads of 0.5 N were used. The loading cycle was 0.1 min. The H value was derived from the average of 8-10 indentations performed on the surface of every sample.
Results and discussion
WAXS characterization
The WAXS diagrams of all the studied samples are quite similar. In all blends, the PP component was shown to crystallize in the α-form. Similarly, the diffraction maxima of HDPE, which appeared at 21.7 and 24.1° (2θ), are characteristic of the typical orthorhombic structure. Figure 1A shows the WAXS diagrams of the original PP/HDPE 80/20 (called B) composition, and those of the same sample with 1%, 3% and 5% of clay. Also, in Figure 1B , the diffractograms of B/EPDM, without and with different amounts of organophilic clay M, are shown. It is to be noted that, in the sample with the composition B/EPDM/M5 (see Figure 1B and Table 1 ), a small reflection appears at 16.0° (2θ), typical of the PP β-form. However, the contribution of this reflection to the total diffracted intensity is very small, < 1% of the total diffracted intensity. The crystallinity values derived from the WAXS diagrams, α WAXS , are included in Table 2 (2nd column) . Only the combinations B/M1, B/M3, and B/M5 and those compatibilized with HDPE-g-MAH, without and with clay, show a slight increase in the crystallinity value. Whereas blends compatibilized with PP-g-MAH, without and with clay, present crystallinity levels similar to that of the original blend B, the effect of the other compatibilizers was to decrease the crystallinity. Figure 2A and B illustrate the thermograms of the original sample B, without and with clay, and those corresponding to the B/EPDM, without and with different amounts of organophilic clay, M.
DSC characterization
The crystallinity values calculated from the thermograms of the samples, α DSC , are listed in Table 2 (3rd column). The addition of clay to the original sample did not seem to influence the crystallinity level. The only compatibilizer to increase the crystallinity of the material slightly was HDPE-g-MAH. The PP-g-MAH did not affect the crystallinity, whereas EPDM, SEBS-g-MAH and in particular, EPDM-g-MAH, clearly decreased this value. The addition of clay originated a crystallinity decrease for all compositions, except for the samples compatibilized with EPDM-g-MAH, in which the crystallinity seemed to increase slightly. Melting temperatures of HDPE and iPP are shown in Table 3 . From this table, it is clear that both components melt at practically constant temperatures in all compositions. This indicates that the crystal thickness l c of the components, derived from the Thomson-Gibbs equation [Eq. (2)] was not affected by the blending process, or by the addition of compatibilizers and/or clay:
In this equation, σ e is the surface free energy, Table 3 ). However, both l c values should be considered as maximum values (see a detailed explanation in the next paragraph). The relationship between the Young's modulus E and the hardness H for the blends included in this study is shown in Figure 3 . From the regression line, we have derived the relationship E/H = 13.3. This value is higher than the relationship E/H≈10, which has been reported for PE samples with different morphologies [42] . This difference can be due to the fact that the crosshead speed used in the tensile experiments (20 mm/min, see experimental part) is much higher than the penetration rate of the indenter during the hardness indentation test, which is 45 μm/s. It has been demonstrated that, in tensile experiments, the yield stress is strain-rate dependent [43] . The deviation of our experimental results from the reported value of E/H≈10, obtained in case of PE having different morphologies, could be due to the same reason. In addition to this, the compatibilizer effects on the blend structural properties should be taken into account (see the discussion below). Moreover, in Figure 3 , it can be observed that the blends compatibilized with EPDM-g-MAH seem to behave in a different way from the others. Thus, whereas they show quite high H values, their E values are comparatively low.
Mechanical properties
The effect of increasing amounts of clay in the hardness of the different compositions is presented in Figure 4 . From this plot, it is seen that compatibilizers SEBS-g-MAH and, particularly, EPDM, provoke a strong diminution in the hardness H of the samples. In addition to this, H decreases linearly with increasing amounts of clay. The other compatibilizers (PP-g-MAH, PE-g-MAH and EPDM-g-MAH) do not seem to affect greatly the hardness value of the iPP/HDPE 80/20 composition. The presence of 1% of clay strongly diminishes the hardness of the original, as well as the compatibilized material; this effect, however, is smaller in samples compatibilized with PP-g-MAH, HDPE-g-MAH, and EPDM-g-MAH. For these sets of samples, H increases, while increasing the clay proportion, except in the case of the PE-g-MAH compositions, in which H decreases gradually. The highest H values were obtained for samples with EPDM-g-MAH containing 3% and 5% of clay. Nevertheless these values are practically equal to the H value of the original iPP/HDPE 80/20 composition. Figure 5 shows the dependence of the microhardness on the WAXS crystallinity for all the blends included in this study. Nevertheless, the influence of the clay in the crystallinity of the samples prepared with different compatibilizers is better illustrated in Figure 6 .
By comparing the influence of the clay content upon the hardness and the crystallinity of the studied blends (Figures 4 and 6, respectively) , it can be noticed that: a. In the case of the original blend, the addition of 1 wt% clay slightly increased the crystallinity α WAXS of the material, and this value remained constant after successive clay additions. This is probably due to the nucleating effect of clay on the iPP, which is the major component of the blend [21, 22, 35] composition). The diminution of the H and α WAXS values probably originated by the presence of 15% of a compatibilizer constituted by amorphous chains of elastomeric character, which increases the degree of disorder in the surface of the crystals. As is well known, the crystalline hardness H c is related to the crystal thickness l c by the expression [44] :
Here, c H ∞ is the hardness for an infinitely thick crystal, and b is defined as [44] :
In this expression, Δh is the energy required to plastically deform the crystalline lamellar stacks. From Table 3 , it is clear that l c values of both iPP and HDPE are practically constant for all compositions. Thus, the only explanation for the diminution of the H value is that H c is affected by an increase of the b parameter through σ e , which is known to be related with the degree of order at the crystal surface. However, it has to be stressed that compatibilizers originate, not only crystal surface defects, but also some distortions into the crystals, as vacancies, dislocations, etc. Figure 6 Effect of the clay content on the wide angle X-ray scattering (WAXS) crystallinity of polypropylene (PP)/high density polyethylene (HDPE) 80/20 blend, pure and compatibilized with different agents.
(1-Φ 1 ) also applies here. The Thus, the big difference between the effect of the EPDM and the EPDM-g-MAH compatibilizers on the hardness H of the studied blends seems to rely only on the presence, on the last compound, of 2 wt% of grafted MAH. In fact, the high polarity of the MAH group in most of the compatibilizers used in this study enhanced the compatibility between the two polymers and, especially, between the clay filler and the polymer matrices. PE-g-MAH increased the crystallinity of the original blend. It is believed that the presence of the ethylene group in HDPE-g-MAH plays a significant role in promoting a good interaction and compatibility with the iPP/HDPE blends, probably through a co-crystallization of the compatibilizer with the HDPE phase. Nevertheless, the other compatibilizers seemed to prevent this direct nucleating effect from one phase on the other, thus lowering the crystallinity of the blends.
Conclusions
The effect of several compatibilizers (both apolar and polar) and surface-modified nanosized montmorillonite particles on the structure and micromechanical properties of 80/20 iPP/HDPE blends was investigated. The addition of 15% of any of the compatibilizers investigated provokes a decrease in the mechanical properties (Young's modulus, E, and microhardness, H) of the original blend. This effect is particularly notable in the case of SEBS-MAH and, mainly, EPDM compatibilizers. When 1 wt% of organophilic clay is added to the blends, both unmodified and compatibilized, the mechanical properties are still lowered. This effect can be explained by the increase of σ e of the iPP and HDPE crystals. Indeed, SEBS-g-MAH and EPDM are amorphous materials constituted by short chains of elastomeric characteristics. In addition to this, the mixing procedure followed to prepare the blends of the different components, and of these with the clay, could contribute to an increase in the degree of disorder on the crystals surface, consequently leading to a decrease in the crystalline hardness H c .
The relationship between the Young's modulus E and the hardness H for all the studied blends was found to be E/H≈13, which is somewhat higher than the one obtained for PE samples with different morphologies, E/H≈10 [42] . This is thought to be originated by the difference between the crosshead speed used in the tensile experiments and the penetration rate of the indenter during the indentation measurements.
The presence of any compatibilizer, except HDPE-g-MAH, decreases the crystallinity of the original blend. This decrease is stronger in the case of EPDM and SEBS-g-MAH.
Thus, PP-g-MAH, EPDM-g-MAH, EPDM, and SEBS-g-MAH compatibilizers seemed to prevent direct nucleating effect from one phase on the other, giving rise to a lowering of the total crystallinity of the blends. However, HDPE-g-MAH increases the crystallinity of the blends.
By contrast, the effect of adding clay to the compatibilized blends depends on the compatibilizer used. Thus, whereas blends with PP-g-MAH or EPDM-g-MAH show an increase of the α WAXS value with the clay content, there are other ones that present a decrease (SEBS-g-MAH containing blends), or a leveling off (HDPE-g-MAH and EPDM containing blends) in the α WAXS value as the clay content increases.
The substitution of the EPDM compatibilizer by its MAH-grafted homologous, i.e., EPDM-g-MAH, notably increases the hardness of the materials, mainly the ones with 3 wt% and 5 wt% of clay.
